Abstract-We assessed the response of phytoplankton communities in aquatic microcosms to single applications of liquid creosote. The creosote was applied to 14 microcosms at concentrations ranging from 0.06 to 109 mg/L. Two microcosms served as controls. Phytoplankton samples were collected from each microcosm one week and 1 d before treatment and at 7 and 21 d after treatment. Temporal changes (response-recovery) in phytoplankton community composition were assessed with principal response curves. Creosote had no direct toxic effect on the phytoplankton community based on total abundance and number of taxa. Population levels declined in all treatments between day Ϫ1 and day 7, but this trend mirrored a similar decline in the control microcosms. At both 7 and 21 d after treatment, population densities and number of taxa in most treatments exceeded those in the controls and exhibited a parabolic relationship relative to creosote concentration. This relationship was most pronounced at 21 d, at which time population densities and number of taxa at intermediate concentrations were up to twice those at low and high concentrations. This response pattern seems to represent an indirect response to impacts on zooplankton and a corresponding reduction in grazing pressure. In contrast, total algal biomass declined 52 to 97% relative to the controls at all but the lowest creosote concentration at 7 d. This apparent decline was due to a significant proliferation of the alga Closterium moniliforme in the controls and low creosote concentration. At 21 d, no difference was found in total biomass between treated and control microcosms. The results of this study suggest that creosote does not pose a significant direct risk to phytoplankton at concentrations likely to be encountered in most contaminated aquatic environments; however, stimulation of algal populations could occur in situations of long-term chronic exposure or spill events that remove predatory zooplankton populations.
INTRODUCTION
Creosote is a frequently encountered contaminant in aquatic environments, where it originates from leaching and weathering of creosote-impregnated wood support structures (e.g., pilings) [1, 2] or via waste disposal, leaching, and spill events from chemical and wood-preserving industries located adjacent to waterways [3, 4] . Numerous studies have documented receiving-water environmental impacts associated with creosote, particularly where contamination has been severe, but these studies generally have focused on sediments [5] [6] [7] [8] . Further, many studies have relied on endpoints derived from lower levels of biological organization (e.g., induction of mixed function oxygenases, histopathology, and so on) to assess impacts associated with exposure to creosote in aquatic environments [9] [10] [11] . In contrast, assessments that incorporate populationlevel endpoints, community-level endpoints, or both to assess the impacts of creosote to aquatic communities rarely have been conducted [12] . Consequently, our current understanding of the potential risks posed by creosote to aquatic organisms largely is based upon extrapolation of endpoints derived at lower levels of biological complexity. This approach has been criticized on several fronts, particularly the attendant lack of ecological realism [13] [14] [15] .
Controlled field exposures, such as those conducted in mi-crocosms or mesocosms, provide an excellent basis upon which to evaluate the potential impact of chemicals on aquatic populations and communities [16] . This approach was used by Sibley et al. [12] to assess the risk of creosote to zooplankton communities in outdoor microcosms. In that study, zooplankton was found to be highly sensitive to creosote and the conclusion was made that creosote could pose a significant risk to zooplankton populations in situations of spills, long-term leaching, or disposal of wastewater from wood-treatment facilities located adjacent to aquatic environments. As part of that study, potential impacts on phytoplankton populations also were assessed and these are reported in the current paper. In general, little is known about the potential impacts of creosote on freshwater phytoplankton. However, numerous studies have examined the response of phytoplankton to compounds of similar composition, such as oils, petroleum, and mixtures of polycyclic aromatic hydrocarbons (PAHs) [17] [18] [19] [20] [21] , and these may provide some insight regarding the potential response of phytoplankton to creosote. Ostgaard et al. [17] showed that 50% growth inhibition of the marine alga Skeletonema costatum occurred at levels as low as 400 g/L of Ekofisk crude oil. Gaur and Kumar [20] investigated the toxicity of four oils toward four algal species and observed a wide range in sensitivity among the algae up to 3.0 mg/L, including growth stimulation at low concentrations. Hormetic effects also have been documented in other studies of phytoplankton and oils [18, 21] . In one of the few assessments conducted in freshwater, Franco et al. [22] and Giddings et al. [23] found that phytoplankton were typically the least sensitive class of organisms to coal-derived oil, often dominating the test systems after application to both large (mesocosms) and small (microcosms) model aquatic ecosystems.
In this paper, we present results from a study in which we assessed the impacts of creosote on phytoplankton populations in model aquatic ecosystems. This study was conducted as part of a comprehensive field evaluation of the potential risks posed by creosote in aquatic ecosystems [12, [24] [25] [26] [27] .
MATERIALS AND METHODS

Microcosm design
The study was conducted at the Centre for Toxicology microcosm facility at the University of Guelph, Ontario, Canada. Details regarding the construction, dimensions, and setup of the microcosms are provided in Bestari et al. [25] . Briefly, the microcosms each have a surface area of 11.95 m 2 , a depth of 1.05 m, and a total water volume of 12,000 L, and are lined with black, food-grade polyvinyl chloride. Water supplied to the microcosms is derived from a large irrigation pond (62 ϫ 62 ϫ 4 m deep) located adjacent to the microcosm complex. Source water for the irrigation pond is derived from a well with the following water chemistry characteristics: hardness of 300 mg/L, alkalinity of 175 mg/L, and pH of 8.2 mg/L. An organic sediment, excavated from a local marsh (Silver Creek Mining Company, London, ON, Canada) and screened through a ⅜-in. (0.95-cm) mesh screen, was added to white plastic 52 ϫ 25 ϫ 7-cm propagating trays (Plant Products Company, Brampton, ON, Canada) to a depth of 5 cm. Forty-six sediment trays were placed evenly across each microcosm floor, resulting in a total bottom coverage of approximately 55%. Four potted macrophytes (Myriophyllum spicatum) were placed in each microcosm. Additional plant community development (predominantly Chara) occurred via the introduction of propagules from the irrigation pond during the three-week circulation period before treatment. The circulation period also facilitated development of zooplankton, phytoplankton, periphyton, and benthic communities.
Creosote treatments
Liquid creosote (Stella-Jones, Vancouver, BC, Canada) was introduced into the microcosms by subsurface injection in early July 1995. The creosote treatments were applied once to single microcosms by using a logarithmic nominal concentration gradient of 0.06, 0.11, 0.19, 0.34, 0.60, 1.1, 1.9, 3.4, 6.0, 11.0, 19.0, 34.0, 60.0, and 109.0 mg/L (14 microcosms). Two microcosms served as controls. This concentration gradient was based on the results of a preliminary study conducted in 1994 and was selected to encompass realistic environmental concentrations (generally at the lower range of the concentration gradient) and to ensure adequate assessment of biological effects (induced at the higher range of the concentration gradient). The creosote was first emulsified in a small amount of water with a high-pressure pump (1,440 L/h, Proven Pony Pumps, Los Angeles, CA, USA), then injected directly into a large stream of water drawn from the microcosm by a highvolume pump (Aurora/Hydromatic Pumps, North Aurora, IL, USA). After each injection, the water in each microcosm was circulated for 15 min to ensure thorough mixing.
Residue analysis
Water samples were collected at 7 d and 1 d before treatment and at 7 and 21 d after treatment. Water was sampled from each microcosm with a metal, depth-integrating water column sampler [28] . Each sample consisted of a composite of five aliquots, each representing a vertical section of the water column (ϳ360 ml) collected from different locations in each microcosm. Each aliquot was dispensed into a 2-L stainless steel container and approximately 850 to 900 ml of the composited sample was transferred into an amber glass bottle and transported to the laboratory. Samples were stored at 4ЊC until extraction and analysis of PAHs was conducted (less than two weeks).
Creosote contains a complex mixture of chemicals that renders quantitative residue analysis of all compounds impractical and costly. To circumvent these problems, the general practice has been to measure the concentration of selected PAHs, which generally comprise a high proportion of creosote relative to other compounds. The actual PAHs analyzed are typically selected based on their inclusion on the priority pollutant list [29] . In the current study, we measured 15 fluorescing PAHs as an indication of the relationship between target (nominal) and actual concentrations in water. Collectively, these PAHs composed 38.4% of the creosote mixture, with the remainder composed of other PAHs (50%), phenolics (10%), and nitrogen-, sulfur-, and oxygen-containing heteroclyclic compounds [30] . Details regarding the 15 PAHs and their analysis are provided in Bestari et al. [25] . The limit of detection of our system was determined by injecting a series of PAH standard solutions to obtain the smallest observable peak that could be integrated. The average spiked recovery for the water samples ranged from 74.4 Ϯ 7.8% to 103 Ϯ 1.1%.
Phytoplankton sample collection and enumeration
Phytoplankton samples were collected with the integrated sampler described above at the same times that residue samples were taken. After collection of the 2-L sample of microcosm water, a 250-ml aliquot was removed and preserved with Lugol's solution. Taxonomic identification of the phytoplankton was conducted by examining 1-ml subsamples counted along three transects of a Sedgwick-Rafter chamber; the numbers determined from these assessments were used to calculate an abundance value for the 1-ml subsample. All subsample values were then recalculated and expressed as number per liter of water. Organisms were identified to the lowest taxonomic level, usually species, based on a variety of keys.
Statistical analysis
In this study, each microcosm represented a single creosote concentration (see above). A regression design was selected because our experience has shown that extreme temporal variability between minimally replicated microcosms (e.g., analysis of variance design), with respect to chemical and biological endpoints, generally precludes statistical differentiation between treatments. Use of a regression design also enabled evaluation of a much wider range of concentrations, thereby increasing the resolution with which chemical and biological responses could be evaluated, particularly those associated with threshold effects.
Concentration-dependent changes in the structure and recovery of the phytoplankton community were analyzed with principal response curves (PRCs). Derived from redundancy analysis, PRCs have been shown to be very effective for assessing dose-response relationships and recovery of aquatic communities, particularly in controlled field tests such as microcosm studies [31] . In redundancy analysis, comparison of response patterns between treatments and controls is achieved by plotting time-treatment trajectory lines in ordination space. However, visualization of differences between treatments and controls, even when distinct differences exist, may be difficult when the plot contains considerable information and because the controls themselves change with time [31] . In PRCs, emphasis is placed on comparisons between treatments and controls for a given measurement endpoint (e.g., abundance) on each sampling date by using the control as a reference. This is achieved by plotting the first principle component (or canonical coefficient) of the treatment effects generated by the redundancy analysis against time, such that the treatment-induced changes in community structure are expressed as deviations from the control, which is plotted as a horizontal reference line [31] . In the present study, the reference line represents the mean of the two control microcosms. Interpretation of community response is facilitated by a line-graph of species weights, which represent the relative impact of treatment on each species. A positive species weight indicates a concentration-dependent decline in abundance after treatment (higher values indicate greater impact), whereas a negative species weight indicates an increase in abundance or appearance of a species after treatment. Detailed philosophical and technical considerations of both redundancy analysis and PRCs are provided in van den Brink and Ter Braak [31] , Van Wijngaarden et al. [32] , and van den Brink et al. [33] . The PRC analysis was conducted with two data files, one containing phytoplankton abundance values and the second consisting of environmental (explanatory) variables. The environmental data file consisted of two variables: time (four sampling dates) and treatment (14 doses and two controls). Because these two variables were expected to largely determine community response, they were entered as dummy variables [33] . Dummy variables are not quantitative and are assigned a value of either 0 or 1, depending on whether the variable is present or absent in a given sample. To assess the statistical significance of treatment-related differences (relationship between the environmental variables and community response), a Monte Carlo permutation test was conducted at p Յ 0.05 [34] . All analyses were conducted with CANOCO, Version 4.0 [35] . All phytoplankton taxa were included in the PRC analyses but, because of the large number of taxa collected from the microcosms, only those comprising more than 5% of abundance on at least one sampling date or that occurred in more than 75% of samples throughout the study are presented in the species weight diagram.
RESULTS
Water chemistry
The concentration of total PAH in water samples declined rapidly, in a concentration-dependent, exponential fashion during the 21-d posttreatment period (Table 1) . At 21 d, total PAH concentrations had declined by 86 to 99% of nominal values, with low treatments (Ͻ1.0 mg/L, nominal) remaining at or only slightly above the background level of less than 0.0014 mg/L. Although the creosote dissipated rapidly from treated microcosms, we have retained the use of nominal concentrations to represent the dose to which the phytoplankton were exposed. This is because the response of the phytoplankton community was largely dictated by impacts on zooplankton populations (see below), which occurred predominantly during early stages (Ͻ5 d) of the exposure period [12] when creosote concentrations were at, or close to, the nominal concentration. For comparative purposes, we have provided the time-weighted average total PAH concentration for the 21-d study in Table 1 .
Basic water chemistry characteristics during the study (all microcosms) ranged from 7.8 to 8.5 for pH, 275 to 325 mg/ L for hardness, and 175 to 200 mg/L for alkalinity.
Phytoplankton community response-recovery
Pretreatment phytoplankton community. Approximately 200 species of phytoplankton were collected from the microcosms during the five-week study. Before treatment, mean total abundance, total taxa, and biomass of phytoplankton across all microcosms designated for treatment were 6.5 Ϯ 1.3 ϫ 10 6 cells/L, 33.5 Ϯ 0.7 taxa, and 1.23 Ϯ 0.58 g/m 3 , respectively. Corresponding control values were 3.2 Ϯ 0.4 ϫ 10 6 cells/L, 33.1 Ϯ 3.5 taxa, and 1.54 Ϯ 0.51 g/m 3 , respectively. Before treatment (day Ϫ1), the phytoplankton community was dominated by the Chlorophyceae, which comprised 48 to 81% of total abundance. Three species of Chlorophyceae, Coelastrum cambricum, Scenedesmus bijuga, and Tetraedon minimum, each comprised between 15 and 30% abundance. Other groups comprising the phytoplankton community before treatment (day Ϫ1) included Cyanophyceae (3-14% of total taxa), Euglenophyceae (Ͻ0.06%), Chrysophyceae (3-13%), Bacillariophyceae (6-28%), Cryptophyceae (Ͻ3%), and Dinophyceae (Ͻ2%).
Community abundance and PRCs. With the exception of the 1.9-mg/L treatment, in which phytoplankton abundance increased by 37%, total phytoplankton abundance declined from 41 to 93% between day Ϫ1 and day 7 in treated microcosms and by 67 Ϯ 6% in control microcosms (Fig. 1) . Although this trend generally was more pronounced at higher creosote concentrations, it did not follow a concentration-response relationship and continued a trend that was evident during the pretreatment period where, with the exception of the 0.06-, 0.19-, and 19.0-mg/L treatments (abundance increased by 26, 1, and 0.6%, respectively), total abundance Environ. Toxicol. Chem. 20, 2001 P.K. Sibley et al. decreased between 46 and 92% (59 Ϯ 13% in the controls).
Between day Ϫ1 and day 7 after treatment, phytoplankton abundance increased at most concentrations, following a similar increase in control microcosms. Analysis of phytoplankton abundance patterns with PRC indicated no direct negative impact of creosote on phytoplankton populations (Fig. 2) ; the Monte Carlo test across the full study period showed that the percent of variation explained by the treatment regime that was captured by the first PRC (10.3%) was not statistically significant (p ϭ 0.21). In total, the four axes of the PRC explained only 28.1% of the total variation, with the first and second axes accounting for 10.3 and 7.4%, respectively. Time (difference between weeks) and treatment accounted for 28.3 and 67.7% of the total variance, respectively.
The relative abundance and number of phytoplankton taxa was higher in treated microcosms than in the controls at both 7 and 21 d (Fig. 3) . For both endpoints, the form of this relationship was parabolic with respect to concentration, with maximum differences between the treated and control microcosms occurring at intermediate concentrations. In general, this relationship was more pronounced at 21 d and shifted toward higher concentrations with respect to peak differences between treated and control microcosms.
Community composition. The total number of phytoplankton taxa in treated microcosms increased relative to time over the 21-d exposure period (Fig. 4) . At 7 d, the number of taxa in treated microcosms up to 1.9 mg/L had increased 6 to 49% relative to the controls (Fig. 4A) . At higher concentrations, little change or a decline (34% at the highest concentration) occurred in the number of taxa relative to the controls at 7 d.
At 21 d, the number of taxa in all microcosms, including the controls, declined relative to day 7; however, all microcosms contained a higher number of taxa relative to the controls at this time, ranging from 9 to 126% (Fig. 4) .
The majority of taxa collected during the 21-d exposure period (Ͼ87%) had species weight values less than 1 (Fig. 2) , indicating that most phytoplankton species were not directly affected by creosote. However, certain species within each of the major algal groups exhibited clear trends of increasing or decreasing abundance relative to the control microcosms. In all treated microcosms, the relative contribution of Cryptophyceae to total phytoplankton abundance declined (Fig. 5A  and B ). This algal group was prominent (18-60% of total abundance) at concentrations less than 0.34 mg/L, and in control microcosms (71% of total abundance), but declined in relative proportion (Ͻ4% of total abundance) at higher concentrations. This trend was due to large declines in Chroomonas breviciliata, C. caudata, C. norstedtii, and Cryptomonas erosa, which is reflected by the relatively high species weight values for these taxa (Fig. 2) . A similar decline was observed among the Dinophyceae (Fig. 5C and D) , but this group comprised only a small proportion (Ͻ2%) of the phytoplankton community during the study and was absent from most high concentrations. Chrysophyceae also were depressed relative to controls at most concentrations throughout the posttreatment period ( Fig. 5E and F) . However, proliferation of Chrysophyceae occurred at the four highest creosote concentrations at 21 d primarily because of a large increase in several unidentified species of Ochromonas (particularly species 1 on the PRC diagram). Collectively, these taxa comprised up to 79% of phytoplankton abundance at these concentrations.
The temporal response patterns of Cyanophyceae and Chlorophyceae to creosote was comparable throughout the study (Fig. 6A to D) . At 7 d, the response of Cyanophyceae was more varied than that of Chlorophyceae, but both groups exhibited proliferation in abundance at intermediate concentrations (0.19, 0.6-3.4 mg/L) and depressed numbers at higher concentrations relative to the controls. At 21 d, with the exception of Cyanophyceae at two concentrations (0.19 and 0.34 mg/L), the abundances of both Cyanophyceae and Chlorophyceae in treated microcosms exceeded those in the controls. At this time, differences from controls for both groups were most pronounced at intermediate creosote concentrations (Fig.  3) , with Cyanophyceae and Chlorophyceae comprising 42 to 96% (5.7% in the controls) and 2.7 to 43% (4.4% in the controls) of community abundance, respectively. The increase in Cyanophyceae was due to proliferation of Amphothece clathrata, A. delicatissima, Gomphosphaeria lacustris, and an unidentified species, each of which were prominent at different concentrations during the posttreatment period. Among the Chlorophyceae, many species that were prominent before treatment (C. cambricum, S. bijuga, and T. minimum) were also present, albeit at reduced numbers, at most concentrations during the posttreatment period. This pattern is reflected in the comparatively neutral species weight values (ϾϪ1, Ͻ 1) for these taxa (Fig. 2) . Sporadic high contributions (Ͼ10% abundance in a few microcosms) from other chlorophytes, including Geminella interrupta, Chlorella sp., and two species of Chlamydomonas (species 1 and 2 on the species weight line) were observed during the posttreatment period, particularly at high concentrations at 21 d. These taxa had relatively high, negative species weight values (ϾϪ2). With the exception of a single concentration (11.0 mg/L), in which a strong decline in abun- figure) shows the relative response of each species to the creosote treatment (only species comprising Ͼ5% of abundance on at least one sampling date or that occurred in Ͼ75% of samples throughout the study, are presented). A positive weight indicates a decline in abundance after treatment (higher values indicate greater impact); a negative weight indicates an increase in abundance or appearance of a species after treatment. Symbols on species weight line are as follows: ⅷ ϭ Cyanophyceae; ⅜ ϭ Chlorophyceae; Ⅵ ϭ Cryptophyceae; □ ϭ Dinophyceae; ᭡ ϭ Chrysophyceae; ᭝ ϭ Bacillariophyceae.
dance occurred relative to control microcosms, creosote had no apparent effect on diatoms ( Fig. 6E and F) .
Biomass. Phytoplankton biomass declined 52 to 97% relative to control microcosms in all but the lowest concentration between day Ϫ1 and day 7 (Fig. 7) . Algal biomass at the lowest concentration increased by 300% relative to the controls. Although differences from the controls at day 7 were generally more pronounced at higher concentrations, they were not systematically related to creosote concentration. The large differences were enhanced by a mean increase of 44% in the two control microcosms over the same time period. In both controls and the lowest concentration, increased biomass was due to proliferation of the chlorophyte Closterium moniliforme. This taxon comprised only a small proportion of the phytoplankton community in terms of abundance (Ͻ2%), but comprised 81 to 98% of total algal biomass in the controls and lowest concentration. In contrast, the biomass of this alga was much lower (16-76% of total biomass) in low and intermediate concentrations (Ͻ6.0 mg/L), and it was absent altogether at concentrations higher than 6.0 mg/L. Between days 7 and 21, algal biomass increased at all concentrations but declined in the lowest treatment and in the controls (Fig. 7) . At 21 d, little difference was found in total algal biomass between most treated and control microcosms.
DISCUSSION
Creosote caused little direct toxicity to phytoplankton based on total abundance and number of taxa. This is reflected by the low proportion of variance explained (28.1%) by time and treatment, the two explanatory variables used in the PRC analysis. Although phytoplankton abundance declined in most microcosms after application of creosote, this trend essentially mirrored a similar decline in the controls. Because this decline was clearly evident in all microcosms before treatment, the apparent effect of creosote at 7 d at some concentrations can most likely be attributed to the timing of the application. This seems to have corresponded with a seasonal decline in phytoplankton populations after the spring algal maxima that is typical of temperate regions [36] . Evidence for a seasonal, rather than treatment-induced, decline in the phytoplankton populations in our study is provided by the diatom Synedra nana. This diatom comprised up to 27% of the phytoplankton community in treatment microcosms during the pretreatment period (13% in control microcosms) but comprised less than 1% of the community after application of creosote (Ͻ0.7% in control microcosms). Diatoms are often the dominant species in spring algal blooms [36] . Grazing by zooplankton likely also contributed to the temporal decline in phytoplankton abundance during the pretreatment period when zooplankton population densities were high.
The relationship between treated and control microcosms did not follow a typical concentration-response form but rather exhibited a parabolic relationship in which maximum differences between treated and control microcosms for both abundance and number of taxa were observed at intermediate concentrations at 7 and 21 d posttreatment. The difference between Environ. Toxicol. Chem. 20, 2001 P.K. Sibley et al. treated and control microcosms was more pronounced at 21 d and shifted toward higher concentrations. The form of this relationship suggests that growth and taxonomic composition of the phytoplankton community was stimulated by creosote. The most plausible explanation for the parabolic relationship in phytoplankton population abundance is a reduction in grazing pressure on phytoplankton populations caused by a significant decline in zooplankton. In a concurrent assessment by Sibley et al. [12] , zooplankton populations declined rapidly after application of creosote, with maximum impact (50-100% reduction) occurring between 2 and 7 d after treatment, depending on concentration. Strong effects on zooplankton were still evident up to 21 d after treatment [12] . Thus, at low concentrations, proliferation of phytoplankton relative to the controls was diminished because zooplankton, although reduced in abundance, were present at densities capable of exerting some grazing pressure. However, at intermediate and high concentrations, zooplankton were virtually eliminated, the loss of which removed grazing pressure on the phytoplankton, allowing them to proliferate. Because grazing pressure was removed at both intermediate and high creosote concentrations, the smaller differences between treated and control microcosms at the highest concentrations indicates that creosote was beginning to exert toxicity, possibly through reductions in abundance of specific phytoplankton species (see below).
The increase in number of taxa, particularly at 21 d, relative to the controls can most likely be attributed to an increase in the densities of species that were already present in the test systems (these were closed to external inputs during the study). These algae may have been associated with various refugia (sediment and macrophytes) within the test systems at densities too low to be detected during the pretreatment period because of competition with other algae, grazing by zooplankton, or both.
The apparent difference in sensitivity between zooplankton and phytoplankton to petroleum-based products has been documented in a number of previous studies, although most have focused on marine environments in relation to oil spills [17, 37] . The response of freshwater phytoplankton to creosote and the relationship of this response to zooplankton population dynamics determined in our study are similar to those observed by Franco et al. [22] and Giddings et al. [23] . These authors assessed ecosystem-level responses to synthetic coal-derived crude oil in large and small experimental freshwater ponds. They found that zooplankton declined, or were eliminated, after continual application of the oil treatments and that phytoplankton were relatively tolerant of the oil, as indicated by increases in populations densities in some treatments. As in the current study, Franco et al. [22] and Giddings et al. [23] attributed the increase in phytoplankton, in part, to declines in sensitive zooplankton taxa. However, unlike the relatively diverse phytoplankton community in our study, the highest concentrations in the studies of Franco et al. [22] and Giddings et al. [23] were dominated by only a few tolerant taxa. This difference can partially be explained by the fact that Franco et al. [22] treated their systems daily over an eight-week period, whereas in the current study creosote was delivered as a onetime application. In contrast to increases in phytoplankton abundance and taxa richness, total biomass declined by a factor of 10 to 15 relative to control microcosms between the pre-treatment period and day 7 in all but the lowest treatment. Although differences in biomass between treated and control microcosms were generally more pronounced at higher creosote concentrations, no systematic relationship to concentration was found. Because creosote did not seem to be directly toxic to phytoplankton in terms of abundance or taxa richness, the decline in biomass is also unlikely to have been caused by direct toxicity or to enhanced sensitivity of biomass as an endpoint. More plausibly, this response reflects the strong proliferation of the chlorophyte C. moniliforme, which dominated algal biomass in the two control microcosms and lowest concentration. In general, members of the Desmidaceae, including C. moniliforme, are indicators of clean water [38] . The disappearance of this alga at high creosote concentrations, in conjunction with its proliferation in the absence of creosote, suggests that this taxon may be sensitive to creosote compared to other phytoplankton taxa. Interestingly, the relatively low species weight value from the PRC analysis for C. moniliforme (Ϫ0.47) did not indicate the apparent sensitivity of this taxon, a situation that most likely reflects the fact that it was present, albeit in low densities, in some low and intermediate treatments at 7 d after treatment.
Sensitivity to creosote comparable to that of C. moniliforme was also observed among several taxa within the Cryptophyceae (C. norstedtii and C. erosa) and Dinophyceae (Peridinium aciculiferum and P. inconspicuum). Although these taxa generally comprised only a small proportion of phytoplankton abundance overall, they exhibited large declines in both abundance and biomass relative to the control microcosms after application of the creosote. As indicated by the relatively high species weight values from the PRC analysis, these organisms were present at low densities in low to intermediate creosote concentrations, but were eliminated at high concentrations. The response of the latter two taxa is interesting because they are known to be tolerant of stressful environments, particularly those associated with the acidic conditions rendered by acid rain where they may be the dominant algal species [39] . In contrast to the apparent sensitivity of the species identified above, several species that either were absent during the pretreatment period, or were present at very low densities, occurred at comparatively high densities after treatment. These included the cyanophytes A. clathrata, A. delicatissima, G. lacustris, Lyngbya mucicola, and an unidentified species of Cyanophyte, and the chlorophytes G. interrupta, Chlorella sp., and two species of Chlamydomonas. Little specific information is available for most of these species upon which to assess their relative sensitivity to creosote. However, Cyanophyceae as a group are known to proliferate in later stages of the summer season when conditions (e.g., temperatures too high or nutrients too limiting) may not favor the growth of other groups [40] . Further, some cyanophytes have been shown to be relatively tolerant of metal pollution [41] , which may be an indication of enhanced tolerance to pollutants relative to other phytoplankton species.
CONCLUSIONS
In this study, we investigated the response of phytoplankton communities to creosote applied as a liquid formulation in freshwater microcosms. Although creosote has been the subject of numerous toxicologic assessments, potential impacts on freshwater phytoplankton communities have not been determined, particularly under field conditions. Apart from the few apparent exceptions of sensitivity or tolerance identified above, creosote had no direct toxic effect on phytoplankton after a single application. This is supported by the neutral species weight values for most species. On the contrary, we observed a strong stimulatory effect of creosote on phytoplankton that can be attributed to reduced grazing pressure resulting from a significant impact on zooplankton populations [12] . The results of this study suggest that creosote contamination of aquatic environments may pose only a minimal direct risk to phytoplankton populations in terms of toxic effects, but may promote the growth of algae via indirect effects. The latter could be an important consideration in areas of chronic creosote contamination such as long-term leaching from waste disposal sites.
